Recently a new theory of viscosity of concentrated emulsions dependency on volume fraction of droplets (Starov V, Zhdanov G: J. Colloid Interface Sci, 258, 404 (2003)) has been suggested that relates the viscosity of concentrated emulsions to formation of clusters. Through experiments with milk at different concentrations of fat, cluster formation has been validated using optical microscopy and their properties determined using the mentioned theory. Viscometric studies have shown that within the shear rate range studied, both the packing density of fat droplets inside clusters and the relative viscosity of milk (viscosity over skim milk viscosity) are independent of shear-rate, but vary with volume fraction. Comparison of the experimental data with previous theories that assumed that the particles remained discrete shows wide variation. We attribute the discrepancy to cluster formation.
INTRODUCTION
Emulsions are dispersions of droplets of one liquid in another immiscible liquid. Such systems are thermodynamically unstable: the droplets coalesce over time. Stability against coalescence is conferred by a surface-modifying substance (surfactant or polymer) adsorbed around the droplet surfaces.
Emulsions find widespread use in industry e.g. food emulsions, cosmetics, pharmaceuticals, agricultural sprays and so on [1] . Most of them are usually concentrated, in the sense that particle-to-particle interactions contribute significantly to observed bulk properties. Knowledge of the flow properties (the most important of which is viscosity) of emulsions is important in the design, selection and operation of the equipment involved in mixing, storage and pumping of these systems. Further, quality aspects of most food and cosmetic products (products whose properties are structure dependent) for example creaminess and texture are all governed by the flow properties of these systems. Although it is known, qualitatively, that the microstructure is related to these phenomena, a fundamental understanding is lacking. The microstructure is dependent on a number of factors: colloidal (i.e. particle-particle interactions), Brownian (the random movement of particles), hydrodynamic (i.e. particle to fluid interactions) and so on that interact in a rather complex way. It is this complexity (so called many-body interactions) that has for many years hampered the development of a unified theory relating microstructure with bulk properties.
It is usually required to relate the volume fraction of the dispersed particles with the bulk viscosity by scaling the different microstructural interactions. On the basis of a hydrodynamic consideration in the dilute limit case, Taylor [2] came up with the following equation: (1) where h 0 is the viscosity of the continuous liquid; h d is the viscosity of the dispersed phase; h is the effective viscosity of the emulsion and f is the volume fraction of droplets.
The hydrodynamic interaction of emulsion droplets at finite concentrations has been taken into account by Choi and Schowalter [3] and Yaron and Gal-Or [4] based on a cell model. The model due to Choi and Schowalter has been found to over predict relative viscosities for volume fractions of the dispersed phase f > 0.3 [5] . The Yaron and Gal-Or model has been shown to show significant scatter when compared to experimental data [6] . Starting from Taylor's equation and using the concept of the mean field approximation, Phan-Thien and Pham [7] have deduced the following dependency of the effective viscosity of concentrated emulsions on the volume fraction of droplets: (2) This equation, which was derived on the assumption that the droplets remain discrete, has been found to under predict the relative viscosity of
emulsions by a large amount [6] . Pal [6] noted that the existing models did not take into account the presence of surfactants (which are there by default as stabilisers). The adsorbed surfactant layer increases the volume of the droplet, by itself and also due to attractive forces on the continuous phase molecules around [8] . He deduced the following dependence wherein K (representing a hypothetical factorial increase in volume) is a fitting parameter.
Despite the close agreement of this equation with experimental data, it has been found [9] that such high values of K (1.166 < K < 2.070) signify completely immobilised droplet surfaces in which case the dependency on the viscosity of the liquid inside the droplet would disappear. Explicit in all the above equations is the assumption that the droplet particles remain discrete. Current evidence suggests that even at sufficiently low concentrations diffusion results in droplets collision and formation of clusters. Berli and Quemada [10] have studied the steady and unsteady rheological behaviour of cutting oil emulsions with the view of establishing possible specific relations between structure and properties. They report that even for low oil concentrations, the droplets were aggregated together. The interpretation of the viscosity of concentrated emulsions can therefore significantly be improved if i) the systems are considered as emulsions of clusters, ii) the internal microstructure of a typical cluster is considered as reflecting the properties of a particular system at the micro-scale especially those of primary particles. To this end a new theory has recently been published [9] . In particular, the cluster size distribution and the packing density of droplets inside clusters are envisaged to be the main parameters. The latter in turn affects the effective viscosity, h c , of 'liquid' inside clusters. These parameters are assumed to be both volume fraction and shear rate dependent. According to the theory [9] , if the dependence of the averaged packing density, f c (f, g · ), on the volume fraction of the dispersed phase and the shear rate is specified, the following pair of algebraic equations allows
calculation of the dependence of the effective viscosity of emulsions, h, on the volume fraction of droplets, f:
and (5) where h c is the effective viscosity inside clusters. The purpose of this work was to experimentally test this theory. At the same time the level of the presumed flocculation was monitored.
A somewhat related line of consideration of concentrated suspensions, which is based on fluid immobilisation has recently been discussed by Windhab [11] .
EXPERIMENTAL
Milk fat (as double cream) in skimmed milk was used as a model emulsion because the fat globules are nearly spherical and it also represents a real life emulsion with all the complexities of the extra components. The skimmed milk and double cream were purchased from Safeway Supermarket, UK. The double cream had a fat content of 47.5 g/100 ml. The skimmed milk and the double cream were mixed in different ratios to vary the fat content. The volume fraction was determined using the Coulter Multisizer II equipped with a tube of 30 mm. Viscometric tests were carried out on each of the samples using the TA Instruments AR-1000N constant stress-constant strain rheometer equipped with a concentric double gap geometry. The samples were initially pre-sheared at 100 s -1 for 5 minutes to drive off dissolved air. At this shear rate the samples were well within the high shear steady state region. The samples were then left to relax for 30 minutes in order that the structure is re-established, but not long enough for ageing to start. This duration is more than the time required for the structure to be re-established as ascertained from a separate time ramp test. This was further confirmed when the test sample did not show any thixotropy between up and down curves with this time interval allowed. Shear rate was ramped up, logarithmically, from 0.06 s to 30 s -1 . The 'wait for equilibrium' option was used and the tolerance was set at 2%. The maximum point time was 1 minute and the instrument also set to correct for inertia. The temperature was controlled at 20 ± 0.04˚C using an external circulating system. For each volume fraction, the test was repeated three times, each time using fresh samples. The extent of cluster formation was monitored directly using a Leica ATC 2000 optical microscope equipped with a video camera and indirectly using static light scattering (Coulter Laser Sizer, Model LS 130).
The data obtained from the experimental work was then modelled on the theoretically derived equations using Microsoft Excel Solver add-in [12 -13] . Packing density inside clusters, f m , was made the subject in Eq. 4 and substituted in Eq. 5 to give an expression which is a function of h c /h 0 . The solver add-in is then used to solve for h c /h 0 subject to the constraint that h c /h 0 > 1. The generated value of h c /h 0 is then substituted in Eq. 4 to give f m . This was done for each volume fraction and shear rate. Figure 1 shows typical micrographs taken at different values of the volume fraction of milk fat. It is evident that the emulsions form doublets, triplets and so on, even at low concentrations. Figure 2 shows results obtained from static light scattering experiments (Coulter laser sizer, model LS 130). It shows an increase in the cluster size as the concentration of fat is increased. Cluster formation can be explained in terms of the translational and rotational motions of the emulsions are in continual motion because of the effects of thermal energy, gravity or applied shear forces, and as they move about, they frequently collide with their neighbours. After a collision, emulsion droplets may either move apart or remain aggregated, depending on the relative magnitude of the attractive and repulsive interactions between them. The droplets will aggregate if they have sufficient energy to fall in either the primary or secondary minimum [15] . In quiescent systems, the collisions between droplets are mainly a result of their Brownian motion. According to von Smoluchowski, the collision frequency due to Brownian motion is F b = 16pDrn 2 , where D is the diffusion coefficient of a single particle, n is the number of particles per unit volume and r is the droplet radius. D = kT/6phr, where k is Boltzmann constant and T is the absolute temperature in ˚K. The latter expressions show that the frequency of collisions rapidly increases with fat concentration. Perikinetic transport [16] which results from Brownian motion, leads to the formation of clusters. Droplet-droplet encounters can also occur because of the different creaming rates of the different sized droplets. The collision frequency increases as the difference between the creaming velocities of the particles increases c) Depletion interactions: The presence of nonadsorbing casein micelles in the continuous phase of the emulsions causes an increase in the attractive force between the droplets due to an osmotic effect associated with the exclusion of these particles from a narrow region surrounding each droplet [17] . The origin of this interaction is the exclusion of the casein micelles from a narrow region surrounding each droplet. This region extends a distance approximately equal to the radius, r c , of a casein micelle away from a droplet surface. The concentration of casein micelles in this depletion zone is effectively zero, while it is finite in the surrounding continuous phase. As a result there is an osmotic potential difference which favours the movement of solvent molecules from the depletion zone into the bulk liquid so as to dilute the casein micelles and thus reduce the concentration gradient. The only way this process can be achieved is by two drops aggregating and thereby reducing the volume of the depletion zone, which manifests itself as an attractive force between the droplets. Grotenhuis et al. [18] have studied the interaction between fat globules in milk and casein micelles. They report that the oil droplets and the casein micelles phase separate as a result of depletion interaction d) Milk also contains other small quantities of ingredients that are necessary for nutritive and prophylactic purposes in rearing the infant calf. Some of these are immunoglobulins. One of these IgM can act as a weak adhesive between fat globules forming bridges between them so that they link up into small clusters [19] . This immunoglobulin is especially effective below 40˚C. Figure 3 shows the evolution of viscosity with shear rate for different concentrations of the dispersed phase (fat). As the volume fraction of fat increases, the flow curves shift upwards toward the high side of viscosity. It can also be seen that the emulsions are shear thinning [19] and high shear limit is reached above shear rate ~10 s -1 at all fat concentrations investigated. Skim milk has been selected as a continuous phase and the relative viscosity below means "viscosity over skim milk viscosity". sents the relative viscosity plotted against the volume fraction of fat. It can be seen that the experimental points all fell on a master curve. The latter means that all shear rate dependency is accumulated in skim milk: Figure 4 shows no dependence of the relative viscosity on the shear rate. In Fig. 5 are shown results obtained from data modelling using Eqs. 4 and 5. The packing density inside clusters is plotted against volume fraction of fat. The most remarkable feature of this figure is an independency of the packing density inside clusters of the applied shear rate. This conclusion is in line with the previous Fig. 4 : clusters of fat are not influenced by the applied shear rate in the range of shear rate investigated. As the volume fraction increases the packing density inside clusters increases and levels off at about f m = 0.4. The fact that the packing density, at any volume fraction is independent of shear rate means that the influence of the mentioned above factors a) -d) are more important than the applied shear rate (in the range of shear rate investigated). The higher the particle concentration, the more the chances of collision and the greater the packing density. However, this transport effect becomes weaker with increasing agglomerate size, hence the levelling off of the packing density at higher concentrations. In Fig.  6 a comparison of experimental data with the predictions of the Phan-Thien and Pham model (according to Eq. 2) is presented. The latter under predicts the viscosity and the discrepancy is ascribed to cluster formation.
RESULTS AND DISCUSSION

CONCLUSIONS
Most emulsions of technological importance are concentrated in the sense that particle-particle interactions significantly influence observed bulk properties. A structural feature of such emulsions is formation of clusters. A new theory, suggested by Starov and Zhdanov [9] , relates the bulk viscosity with the cluster size distribution and the averaged packing density of droplets inside the clusters. The assumptions of this model have been tested experimentally using milk fat in skimmed milk as a model emulsion and the experimental data modelled on the theoretical equations. The following deductions are drawn: i) Droplets in concentrated milk emulsions form clusters even at low concentrations. ii) The averaged packing density of droplets inside clusters and the effective relative viscosity of the milk emulsions have been found to be shear-independent at relatively low shear rates (in the range of the applied shear rate investigated). iii) The packing density of fat droplets has been found to increase with volume fraction and to level off at higher concentrations. iv) Comparison of experimental data with predictions of the Phan-Thien and Pham model shows a wide variation. The discrepancy can be attributed to cluster formation. 
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